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First-principles calculations of carrier-doping effects in SrTiO,
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Carrier-doping effects on the structural phase transitions in Sra@i@ investigated by the first-principles
calculations. It is found that the instabilities of the cubic phase to both thg-ditahedron rotated phase and
the ferroelectric phase are modulated characteristically by the electron doping and the hole doping. The results
of the calculations are consistent with a previous experiment in which carrier electrons were introduced by
impurity doping, and with another experiment where carriers were doped ifQ5Hy photo-irradiation. The
modulations of the instabilities are explained by a simple and intuitive mechanism.
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I. INTRODUCTION II. METHOD OF CALCULATIONS

. . . A. First-principles calculations
Structural phase transitions in SrH@ttract a great deal

of attention due to their isotope effe¢td.Experimentally, First-principles calculations based on the density-
the cubic phase structure is found at high temperatures, whifginctional theory (DFT) and local-density approximation
the TiOs-octahedron rotated phase is observed below 105 KLDA) is a powerful tool which has succeeded in describing
in SrTi*%0; and below 110 K in SrtfO, (Fig. 1). Judging  Not only_ the structu_ral stabilities but also the glectromc and
from the fact that the ferroelectric phase is not observed isnechanical properties of so many systems without depend-
SrTi%0, but found only in SrT®0; below 23 K, it is in- NG on any empirically determined parameters. Since Co-
sisted that SrtfO; is a quantum paraelectric matefiah
which zero-point oscillation and tunneling effect of the
atomic nuclei prevent the ferroelectric phase from appearing
even at 0 K. Barrett’s analytical formulation on the charac-
teristic behavior of the dielectric constant also supports this
hypothesis’

Recently, Takesadat al? suggested a possibility of the
photoinduced ferroelectric transition of St; from their

Q “"0

: . . . (J ‘
experiments. Since SrfO; does not show this effect at alll, -5.&&. R
the photoinduced ferroelectric transition is also thought to be v “.’ ﬁ

concerned with the quantum effects of nuclei. A previous
impurity-doping experimefitin SrTi*%0; showed suppres-

sion of the ferroelectric instability by the doped electrons.
The different effects of carriers between the impuritydoping (

NS
ODO)—
a*

and the photodoping are also worth inquiring.

Looking from the practical point of view, the photoin-
duced ferroelectric transitions in dielectric materials have a
wide range of applications. Dielectric thin films which are
applied in the electrical circuits on semiconductors can be
developed as photoelectronic elements, for example. Photo-
switched capacitors, devices, and memories would be devel- ¢*
oped in the future. The photoinduced ferroelectric transition
is theoretically interesting, too, because it suggests a possi-
bility of controlling the quantum fluctuation by an external
perturbation.

In this paper, we investigate the carrier-doping effects in
SrTiO; by the first-principles calculations. The modulations
of not only the ferroelectric instability but also the
TiOg-octahedron rotating instability by the doped carriers are
simulated in agreement with experiments, except for the FiG. 1. The cubic phase structure and the Fi@tahedron ro-
photodoping effect on the ferroelectric instability in tated structure are shown. The unit cell of the cubic phase is com-
SI’TilGO3. The modulations of the instabilities are explained posed of five atoms, while that of the Tj@ctahedron rotated
by a simple and intuitive mechanism. phase consists of ten atoms.

TiQs-octahedron rotation

0163-1829/2003/687)/1741076)/$20.00 68 174107-1 ©2003 The American Physical Society



UCHIDA, TSUNEYUKI, AND SCHIMIZU PHYSICAL REVIEW B 68, 174107 (2003

TABLE I. The lattice constant and the bulk modulus of the 4energy more unstable
cubic-phase structure are shown. The first-principles calculations
can reproduce the experimental results within very small error. It is
known that the difference of the lattice constant between'&pTi
and SrT#%0; is exceedingly smallwithin the range of the experi-

unstable
stable

potential depth

mental erroy.! (oarrier height)
=7
Experiment This work /_ __I___¢ shallow
. __vdeep
Lattice constant 7.394 aiu. 7.342 a.u. £ 0.7%)
Bulk modulus 183 GPa 19 4GPa (- 6%) «———
wide potential width

8Reference 15.

bReference 16. o d:atomic displacement

Aenergy

hen's advanced work® the electronic structures and the

structural phase transitions of many dielectric materials have
also been studied by the method of the first-principles calcu-
lations. The typical perovskite-type titanium oxides such as

quantum paraelectric

SrTiO;, "1 BaTiOs,>1%12and PbTiQ,>® have been inves- ferroelectric
tigated especially vigorously. The problem of the double 3 zero-point
structural instabilities(the TiOs;-octahedron rotation and energy
the ferroelectric displacemeff and the quantum _¥
paraelectricity®in SrTiO;, attracts a great deal of attention, 4

which has also been studied successfully with the aid of the |

first-principles calculations. We can expect the accuracy and 0 d:atomicdisplacement

reliability of the results of our calculations in the study of the g5 5 Upper: The adiabatic potential energy surfaces are

carr_ler—doplng effects on the structural phase transitions iQyawn without considering the quantum effects of nudeineans

SITiO;. the schematic atomic displacement, i.e., the rotation of the
In this work, the exchange-correlation energy of theTios-octahedron or the ferroelectric displacement. Lower: The

PZ81-typé® and the Vanderbilt's ultrasoft pseudopotential ground states are drawn to evaluate the quantum effects of nuclei.

method* were adopted. The cutoff energy of the planeThe ferroelectric instability in SrifO; is extinguished when con-

waves to expand the one-electron wave functions was choseaitering the quantum effe@uantum paraelectric statdhe deeper

at 49 Ry. 125 reducibl& points were sampled in order to and the wider the double-minimum potential is, the larger instability

reproduce the experimental lattice constant and the bulis expected due to the higher potential barriers and the smaller

modulus of the cubic phase within very small er@able ).  zero-point energy of the atomic oscillations.

We also succeeded in reproducing the structural parameters

of the TiO;-octahedron rotated phase at the energy of dozengs that for the nonexcited electronic states. No spin polariza-

of meV lower than the cubic phag&able II). tion was assumed in our calculations.
For calculating the photo-carrietelectron-hole pajr
doped states, we performed an irregular way of filling up the B. Evaluation of the instabilities

Kohn-Sham orbitals, i.e., the one-electron wave functions: . . .

the top of the valence band was left empty by a fixed Thgz adiabatic energy potentlal surfaces of thg system for
amount, while the bottom of the conduction band was l‘illedthe T|06—octahgdron rotation and the fgrroelectnc displace-
by the same amount of electrons through the iterations foment (schematically represented W with respect to the
obtaining the self-consistent field. Previous calculatigrs, Cubic phase structure are drawn without considering quan-
which succeeded in describing the experimentally predicte&J e?ce?r?sifbﬁit[ nu(;'i'hixgmitlcw:'ﬁéi' SRt?ijlstzt;gg ttﬁg ?:ir;irt;le-
photoexcited electronic statésxcitons in insulators support ?ninimum-t ey otential is obtgined The dee ’er and wider
the validity of adopting formally the same density functional ype p S ' =per and w

the double-minimum potential is, the larger instability, i.e.,

the higher phase-transition temperature and the larger atomic
TABLE II. The lattice and structure parameter of the displacements, is expected. As SrTi® a quantum paraelec-
TiOg-octahedron rotated phase is shown. Our calculation reprotric material, the zero-point oscillation energy of nuclei must
duces the results of experiments at least qualitatively. be evaluated in order to take account of the quantum effect
of nuclei which tends to prevent the system from being

a*=b* c*/a Rotation trapped at the potential minimum. In the following calcula-
Experiment 0.9944 ~1 2.1° tions, however, the deeper potential is always wider than the
This work 0.9988a 1 8.4° shallower one, being accompanied by smaller zero-point os-
cillation energy. Therefore, the relative strength of the struc-

®Reference 15. tural instabilities between two potentials is qualitatively in-
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FIG. 4. The origin of theBOg-octahedron rotating instability is
explained. The disagreement between the sizes A®squarga)
and that of theBO,-squarea’ is the origin of the rotation. In order
to fit the largeBO, square &') in the smallAO square &), the
BOg-octahedron rotates around tleeaxis. The expansion of the
BO, square(white arrow$ will bring about larger rotation of the
5 BOg octahedrona=2(r,+ro) anda’'=2(rg+rg), wherer,,
a=b=c=7.394a.u.(Exp.) rg, andrg are ionic radii of each ion.
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FIG. 3. The carrier-doping effect on the Tg@ctahedron rotat- A previous impurity-doping experimehshowed that the

ing instability is presented. The doped electrons lead to the increaqﬁaoped electrons do not affect the FiOctahedron rotating

of the TiG;-octahedron rotating instability, while the doped h°|es_instability. We confirmed that the low-density doping as the

bring about the decrease of the instability. The lattice constant "(Qéxperiment €0.001 electrons/10-atoms debrings about
fixed at the experimental value. an effect too small to be observed experimentally, which

. it th f ¢ lei i i dmeans that our calculation is consistent with the experiment.
variant even if the quantum effect of nuclei is considered. |4 concept of tolerance factot (Ref. 19 is useful for

Such being the case, we can solve the pfo?.‘?‘m of_the Carrle[l'nderstanding the TiQoctahedron rotation. The tolerance
doping dependence of the structural instabilities without CONzactor of a perovskite compoundiBO;, t, is defined as the
sidering the quantum effect of nuclei explicitly in the follow- . " ¢ " iincic sizes of th&O ssc’{uz,irea and theBO

ing arguments. squarea’: 2

ll. RESULTS AND DISCUSSIONS a Fatro
t= —=——.
The doped-carrier density in experiments is at most a’ \/2(rB+rO)

~0.001 carriers/unit cell. We confirmed that the variation of o . . .

the lattice constant by them is exceedingly small, which affa» s, andro are ionic radii of each iorisee Fig. 4. The

fect neither the TiQ-octahedron rotating instability nor the Strong correlation between tf&0s-octahedron rotating in-
ferroelectric instability. In the following calculations, the cell Stability and the gglerance factor has been confirmed as to a
parameters were fixed at the experimental value of the cubigeries of ABQ's:™ the smaller the tolerance factor is, the
phasea=7.394 a.u. The degrees of the FiOctahedron ro- larger the rotating instability is.

tation and the ferroelectric displacement are represented ba/ The fact that TiQ square is larger than the SrO square

the displacement of an O atom divided aysee Fig. 3 and (€., t is smaller than JLis the origin of the rotation of the
Fig. 7). TiOg-octahedron in SrTiQ In order to fit the large Ti®

square in the small SrO square, the gHi@rtahedron rotates
around thec axis. The variation of the tolerance factor means
that of the ratio of the square sizes and brings about the
The calculated electron-doping effect and the hole-dopingnodulation of the Ti@Q-octahedron rotating instability.
effect on the TiQ-octahedron rotating instability are shown  The carrier doping gives rise to the variation of the ionic
in Fig. 3. As is already explained, the wider and the deeperadii and that of the tolerance factor, leading to the modula-
the double-minimum potential is, the larger instability is ex-tion of the TiGs-octahedron rotating instability according to
pected. The electron doping gives rise to the increase of thdne argument above. To know the carrier-doping effects on
TiOg-octahedron rotating instability, bringing about the the ionic radii, the analysis of the top of the valence band and
larger rotation angle and the higher phase-transition temperdhe bottom of the conduction band on the component is es-
ture than the undoped case. On the contrary, the hole dopirggntial. As shown in Fig. 5, the bottom of the conduction
leads to the suppression of this instability, resulting in theband of SrTiQ is composed of Ti-8 orbitals, while the top
smaller rotation angle and the lower phase-transition temef the valence band consists of @-2rbitals. The doped
perature. electrons accommodated in the Td-3rbitals increase the

(€

A. Carrier-doping effects on the TiOg-octahedron rotation
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FIG. 5. The band structure and the density of states of the cubi;:rloﬁ'OCtahEdron rotating instability is shown. The result can be

phase of SITIQ is shown. SITIQ is a insulator with a band gap LCIPreted as the superposiion of the effects ofthe doped electrons
width of 1.89 eV (smaller than the experimental value of 3.2 eV p ' pp N

because of LDA The top of the valence band is composed of ©:2 ?ng in_sFabiIity by the doped holes exceeds the promotioq of the
orbitals, while the bottom of the conduction band consists ofdi:3 mStab.'“tY by the same a'T‘OU“t of doped electrong. The Iatltlc.e con-
orbitals. Sr:%s band is located at higher energy than these bands;instésmlxzz ?;;?ifé?er?emal value. The meaning okitves is
The electron doping and the hole doping are not directly related to g o
Sr:5s orbitals. ] ) ]
spectively. Contrary to the carrier-doping effect on the
electron clouds around the Ti atom, expanding the radius of (Os-0ctahedron rotating instability, not only the hole doping
the Ti ion. The larger radius of the Ti ion leads to the smallefut @lso the electron doping give rise to the suppression of
tolerance factor, and therefore to the promotion of thethe ferroelectric instability. The variation of the ionic radii
TiOg-octahedron rotating instability. cannot explain this tendency. The carrier-doping effects on
On the other hand, the doped holes captured at thepo-zthe ferroelectric instability can be explained by considering
orbitals lead to the decreased electron clouds around the @1other side of the variation of the ionic-valence number,
atoms, and therefore to the shrunk radius of the O ion. As € the gain and loss of the electric charges of the Ti ion and

0.00025
rsrtfo 1 Fsr i
t=———=—+ (2 0.01electrons
\/E(rTivL ro) J2 ritro 0.0002 | I5-atom cell
and () is positive, the smallerg results in the larger goﬂoms I 0.08electrons
tolerance factor, and therefore in the suppression of theg 5-atom cell
TiOg-octahedron rotating instability. B 0.0001 | Ot6etections \
We explained the promotion and suppression of theg 0.02ekectons
TiOg-octahedron rotating instability by the expansion and the§ 5e-05 |
shrinking of the radii of the ions by the electron doping and §
the hole doping, respectively. R o« —Seinniniiiiiieialr "l saly ity

The systems doped with electron-hole pairs were also cal-
culated in order to investigate the photocarriers doping effeci \

on the TiQ-octahedron rotating instabilityFig. 6). As we 10,0001 \ 4 . Nondopd
expected, the result can be interpreted as the superposition« 0 \ 0.01 O-Oz 0.03 004 0.0
Sr

-5e-05 |

the effects of the doped electrons and the doped holes, whic /a: Ferroelectric displacement
means that the explanation by the variation of the ionic radii
is also applicable to the case of the electron-hole-pair dop-
ing, and that the suppression of the §iGctahedron rotating
instability by the doped holes exceeds the promotion of the
instability by the same amount of doped electrons.

>

N\

a=b=6=7.394a.u.(Exp.)

FIG. 7. The electron-doping effect on the ferroelectric instability
is drawn. The doped electrons give rise to the suppression of the
The electron-doping effect and the hole-doping effect orferroelectric instability. The lattice constant is fixed at the experi-

the ferroelectric instability are shown in Figs. 7 and 8, re-mental value.

B. Carrier-doping effects on the ferroelectric instability
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FIG. 8. The hole-doping effect on the ferroelectric instability is  FIG. 9. The electron-hole-pair doping effect on the ferroelectric
presented. Similar to the electron-doping case, the doped holes givestability is presented. The result can be interpreted as the super-
rise to the suppression of the ferroelectric instability. The latticeposition of the effects of doped electrons and doped holes. The
constant is fixed at the experimental value. The meaning okthe suppression of the ferroelectric instability by the doped electron-
axis is the same as that of Fig. 7. hole pairs is expected, which accounts for the experiment in

SrTi*®0,. The meaning of the axis is the same as that of Fig. 7.

the O ion. The variation of the electric charges of the ions are ) ) ) )

not so important in the Tigoctahedron rotation because it is f€ct: The photocarrier doping experiment in SO, (Ref.

not accompanied by electric polarizations, while the ferro-2) IS consistent with our resuit. _
electric instability is substantially affected by them due to the ©n the other hand, the present resullt.cannogtP%xplam the
fact that the ferroelectric phase is essentially the cooperativenancement of the ferroelectric instability in SFO; by
phenomenon, stabilized by the long-range Coulomb intera the photocarner%.Our fa|Iure_m|ght be concerned with _the .
tions among ,the electric dipole moments spontaneously a‘ggcahzed phenomena of carriers which are not treated in this
pearing in each cell. As is already explained, the doped elecv-vork' For example, a self-trapped exciton in Sr3jvhich

trons are captured at the Ti ions, reducing the positiveIS suggested by another experiméhtnight act as a kerel

electric charge of the ions: i — Ti“-9* while the doped of the ferroelectric instabilitf? through the Jahn-Teller ef-

i L fect. It should be mentioned that, in any case, we have to
holes are accommodated at the O ions, diminishing the negara,1 with the quantum effect of nuclei precisely to under-
tive electric charge of the ions: 20—0®?~A~. Smaller

_ o stand the large difference between $%0, and SrTH0;.
electric charges lead to smaller electric dipole moments

when displaced by the same distance, giving rise to smaller
energy gain by Coulomb interactions among them, and there- IV. CONCLUSION

fore to t.he sqppressjon of the: ferroelectric instability. The carrier-doping effects in SrTiOwere examined by
The impurity-doping experlmeﬁshowed that the doped irs_principles calculations and explained by the simple and
electrons suppress the ferroelectric instability. Our result$iitive mechanisms. Both aspects of the variation of the
and explanation are consistent with this experiment. Comignjc-valence number, i.e., the change of the ionic radius and
pared with the effect of the doped carriers on thethe electric charge, are important in the modulation of the
TiOg-octahedron rotating instability, even much smallerTiO4-octahedron rotating instability and the ferroelectric in-
amount of carriers seem to be effective enough to modulatetability, respectively. The analysis of the top of the valence
the instability. The energy scale of the ferroelectric instabilityband and the bottom of the conduction band on the atomic-
smaller than that of the TiQoctahedron rotating instability orbital component helps us to understand the carrier-doping
might explain this difference. The electrons captured at the @ffects on the ionic-valence numbers. The results of our cal-
ion or the Srion, or the holes taken in at the Ti ion or the Srculations are summarized in Table I11.
ion would come to quite different results. Here again, the We found that the rotation of the TiGctahedron is pro-
analysis on the component of the top of the valence band angioted by doping electrons, while the hole-doping suppresses
the bottom of the conduction band is important in under-the rotation. The rotation of the TiOoctahedron is induced
standing the carrier-doping effects. by the size disagreement between the ;T&guare and the
We also performed the calculations on the electron-holeSrO-square. The opposite results of the doping effects be-
pair doping effect on the ferroelectric instabiliiyig. 9. The  tween the electron doping and the hole doping is explained
doped electron-hole pairs suppress the ferroelectric instabiby considering the expansion and the shrinking of the radii
ity, as is expected from the variations of the electric chargesf the Ti ion and the O ion, and therefore the variation of the
of the ions. The result is also understandable as the superpratio of the sizes of the SrO square and the ;Ti€uare
sition of the electron-doping effect and the hole-doping ef-brought about by them. We pointed out that the modulation
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TABLE Ill. The results of our calculations are summarized. The carrier-doping effects on both the instabilities are simulated in agreement
with experiments, except for the electron-hole-pair doping effect on the ferroelectric instability itfGBtTirhe modulations of the
instabilities by the carrier doping are explained by a simple and intuitive mechanism.

Rotation Ferroelectricity
Electron Doping Promotion Suppression Consistent with experiments.
Hole Doping Suppression Suppression Theoretical prediction.
Electron-Hole-Pair Doping Suppression Suppression Consistent with experiments except for
the effect on the ferroelectricity in SrtfO;.
Mechanism Radii of ions Electric charges of ions

of the TiOs-octahedron rotating instability is, however, too trons is consistent with the present results. The photodoping
small to be experimentally observed when doped<®.001 experimentsshowing the suppression of the ferroelectric in-
electrons/10-atoms cell, which is consistent with the previ-stability by the photocarriers in SFD; is also in harmony
ous experiment. with our results, while the photoinduced gigantic dielectric
On the other hand, ferroelectric instability of the system iseffect in SrT%0;, which suggests the possibility of the
suppressed by both kinds of carrier doping. The ferroelectriphotoinduced ferroelectric transition of the quantum
phase is stabilized by the cooperative interactions among thgaraelectric material, seems contrary to our calculation. The
electric-dipole moments appearing in each cell. In order tqeason why we failed to explain only the photoinduced gi-
realize the mechanism of the suppressions, consideration Qgantic dielectric effect in Sr%0; is expected to be con-
the variation of the electric charges of the ions is essentialerned with the localization of the doped carriers which was
The reduced electric-charges by the doped carriers lead 1oyt considered in this work. The localization of the doped
the diminished electric-dipole moments and therefore the desiers, the carrier-lattice interactions, and the quantum ef-

creased energy gaif‘ bY the Iong-range_ Coulomb interactioq%ct of the nuclei which is expected to affect them are now
among them, resulting in the suppression of the ferroelectnEInder investigation

instability.

For both the instabilities, the calculated electron-hole-pair
doping effect on the instabilities are understandable as the
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